are more likely to be associated with greater error in carbohydrate-counting than small meals (mainly manifest as underestimation), 11, 12 and higher carbohydrate meals are also likely to contain more fat, which slows glucose absorption leading to higher postprandial glucose and contributing to higher HbA1C. High postprandial glucose levels are also implicated as a putative mechanism for endothelial dysfunction 13 as well as a contributing factor to HbA1C.
The aim of this study was to determine the effect of carbohydrate intake on overall glycemic control and on postprandial glucose control, as well as glycemic variability. We achieved this by reviewing anonymized, routinely collected electronic data downloads from a secondary care clinic supporting adults with type 1 diabetes using continuous subcutaneous insulin infusion (CSII).
Methods
All adults using CSII who attend clinic at our large secondary care were considered for this study. These patients are routinely offered structured education in FIT (DAFNE) prior to commencing CSII and those new to the clinic already established on CSII are offered pump-specific DAFNE. Pump data is routinely downloaded before the appointment with the health care professional. Inclusion criteria were clinical diagnosis of type 1 diabetes, use of a Medtronic pump (Medtronic Ltd, Northridge, CA, USA) for ≥6 months, age ≥18 years, with ≥2 weeks of consecutive pump data downloaded since January 2011. The study was restricted to users of Medtronic products to allow uniform collection of data using Medtronic Carelink Pro® software, which provides 2-4 weeks of data per download. We also restricted data collection to patients with ≥3 CBG readings per day and in whom ≥80% of boluses were given through the "bolus wizard." This is an automated bolus calculator that uses CBG, carbohydrate intake (estimated by the patient) and parameters such as insulin:carbohydrate ratio, insulin sensitivity factor, target glucose range and "active insulin" (an estimation of remaining active insulin from a previous bolus). Exclusion criteria were pregnancy, hemoglobinopathies, hemolytic anemia, gastroparesis, coeliac disease, pancreatic insufficiency, moderate/severe renal impairment (GFR <60 mL/min/1.73 m 2 ), and current continuous glucose monitoring and advanced bolus options such as dual or square wave boluses, due to the infrequency of their use in this cohort. A concurrent HbA1C was obtained from electronic patient records. In all, 148 patients satisfied these criteria.
Demographic data, including completion of DAFNE, were collected from patient records. Data on total daily carbohydrate intake was obtained from all 148 pump downloads. More detailed analysis was undertaken in a random subset of 105 subjects, including total daily carbohydrate intake, number of carbohydrate intakes, mean breakfast, lunch and dinner carbohydrate intake (from 06:00-10:00, 11:00-15:00 and 16:00-22:00, respectively) over the past 14 days as well as pre-and postmeal glucose for a total of 3495 meals. A "meal" was defined as a bolus wizard event with preprandial glucose, insulin and carbohydrate intake and postprandial glucose readings all available. This could include any size of carbohydrate intake, including snacks. As many meals as possible were collected from each patient, up to a maximum of 42 (based on 3 meals per day for 2 weeks) to avoid overrepresentation of frequent eaters. Preprandial glucose was recorded as being below, within or above the patient's individualized bolus wizard target and postprandial glucose readings were recorded as being either early (1-3 hours) or late (4-7 hours), following the bolus wizard event. Our clinic follows DAFNE protocols, and routine postprandial testing is not advocated. Although our analysis may include a testing bias, we felt that this should be equally spread across high or low glucose values. Postprandial glucose was required to have no interim insulin or carbohydrate activity recorded following the meal and only the first postprandial CBG reading was recorded and categorized as to when this occurred. Preprandial blood glucose was recorded quantitatively as well as categorized as within, below or above the individual's programmed target blood glucose range for that time of day. Meals with preprandial hypoglycemia (≤3.9 mmol/L) were excluded.
Pearson's correlation was used to determine significance of associations. Analyses of variance and chi-squared tests were used to compare means and proportions. Where homogeneity of variance was violated (as ascertained using the Levene test), the Welch ANOVA was used with a suitable post hoc test.
Results
Insulin pump downloads from 148 out of 467 pump patients at our clinic fitted inclusion and exclusion criteria. Main reasons for exclusions were non-Medtronic pumps, <3 CBG/ day or <80% usage of the bolus wizard. Demographics of the main data set (n = 148) and the subset providing individual meal data (n = 105) are presented in Table 1 and were not different. The population was a broad sample with a wide range of age (19-76 years), carbohydrate intake (26-391 g), and HbA1C (5.2-11.0% [33-97 mmol/mol]).
Daily Carbohydrate Intake and HbA1C
Higher total daily carbohydrate intake was associated with lower HbA1C (r = -.181, P = .027; Figure 1 ). There were no associations between mean daily carbohydrate intake and standard deviation (SD) of blood glucose (r = -.131, P = .112), between SD of carbohydrate intake and SD of blood glucose (r = .060, P = .472) or HbA1C (r = .021, P = .802), or between mean daily carbohydrate intake and BMI (r = -.002, P = .981) or triglyceride levels (r = -.003, P = .974).
Meal Size and Frequency
The mean (± SD) number of meals per day was 3.85 (± 1.43) and mean carbohydrate per intake was 46.1 g (± 24.2). Mean (± SD) breakfast, lunch and dinner carbohydrate values were 39.9 g (± 21.4), 43.8 g (± 20.1) and 46.4 g (± 26.8), respectively. Greater number of meals/day were associated with lower HbA1C (r = -.370, P < .0005; Figure 2a ), and with higher mean daily carbohydrate intake (r = .527, P < .0005). Higher carbohydrate intake per meal was weakly correlated with higher HbA1C (r = .198, P = .043; Figure 2b ), and higher number of meals/day was associated with lower mean carbohydrate per meal (r = -.324, P = .001).
Prandial Blood Glucose Changes
Of the 3495 meals collected from the subset of 105 patients, 1993 meals (57%) had postprandial CBG at 1-3 hours. Of these, 19 .6% (n = 390) had a preprandial CBG within target. For these 390 meals, mean change in blood glucose (ΔBG) was 3.11 mmol/L (± 3.084) at mean 2.08 hours postmeal and there was no association between meal carbohydrate content and ΔBG (r = -.004, P = .939) ( Figure 3a ). This was investigated further by dividing the meals into small (<40 g), average (40-80 g) and large (>80 g) carbohydrate content. There was no significant difference in the mean ΔBG for these carbohydrate categories (P = .453).
The remaining 1502 meals (43%) of the 3495 collected had a late (4-7 hour) postprandial CBG. Of these, 13.8% (n = 208) had preprandial glucose within target. Mean ΔBG was 3.05 mmol/L at mean 4.88 hours postmeal and there was a significant correlation between meal carbohydrate content and ΔBG ( = 0.184, P = .008) ( Figure 3b ). However, when ΔBG was compared between the carbohydrate categories <40 g, 40-80 g, and >80 g, the differences did not achieve significance (2.68, 3.36, and 3.79 mmol/L respectively, ANOVA P = .181).
Effect of Preprandial Blood Glucose
Post hoc analysis found meal size was significantly greater for meals with higher premeal glucose; CHO intake was 45.82 g versus 43.68 g versus 48.33 g (P = .002) for meals with preprandial blood glucose below (n = 550), within (n = 598) and above (n = 2347) target, respectively. The significant difference was found to be between meals with preprandial BG within and above target (43.68 g and 48.33 g respectively, P = .002). The proportions of postprandial glucose readings <4, 4-10, and >10 mmol/L were calculated for meals with preprandial blood glucose below, within and above target, regardless of carbohydrate content. High preprandial blood glucose was associated with the highest proportion of postprandial readings >10 mmol/L; 45.1% and 42.0% for readings at 1-3 hours and 4-7 hours, respectively. There was a significant association between preprandial blood glucose and both 1-3 hour (P < .001) and 4-7 hour (P < .001) postprandial glucose. 
Discussion
This study aimed to investigate the link between dietary carbohydrate and glucose control in adults with type 1 diabetes, using FIT with insulin pumps, in real-life settings. Insulin pump data including CBG measurements, estimated carbohydrate content of meals, and insulin administration for those meals were examined. The major findings included evidence that frequent meals were associated with higher total daily carbohydrate intake and smaller carbohydrate intake at each meal, resulting in better control, while less frequent meals were associated with larger carbohydrate intake per meal and higher HbA1C. Analysis of individual meals demonstrated that higher carbohydrate meals had no effect on early postmeal glucose but resulted in higher late postmeal glucose. The SD of daily carbohydrate intake had no effect on HbA1C, suggesting that pump users effectively supported to use FIT can vary their diet in accordance with principles of DAFNE, without negative impact on glycemic control, but that large carbohydrate meals may indeed be more difficult to manage optimally. This may be due to the impact of fat and protein.
The strongest contributor to postprandial glucose was preprandial glucose. This study used routine CBG readings and so of course may not demonstrate the whole picture as may be seen with continuous glucose monitoring. However, we feel that in line with the American Diabetes Association recommendations to test at 2 hours postmeal, CBG tests are how the majority of patients evaluate their bolus doses, and so our data are of clinical relevance.
The negative association between mean daily carbohydrate intake and HbA1C was unexpected, as carbohydrate restriction is a popular method for reducing insulin requirements and improving diabetic control. Nielsen found that limiting daily carbohydrate intake to 70-90 g/day in adherent patients with type 1 diabetes with suboptimal glucose control resulted in sustained reductions in HbA1C. 10 In contrast, a 6-month study by Strychar et al into the effects of a highcarbohydrate, low-fat diet versus a eucalorific low-carbohydrate, high-monounsaturated fat diet in nonobese patients with type 1 diabetes found no significant differences in HbA1C. 14 Our clinic is based on DAFNE principles which allow dietary freedom, and we do not routinely advise carbohydrate restriction, although we certainly have a proportion of patients who do carbohydrate restrict and are supported in this. Also, if very high carbohydrate meals are causing a specific problem, we would advise limiting these and also advocate the use of advanced bolusing options where appropriate. In fact, the lack of association of variability in carbohydrate intake with glucose variability or overall control (HbA1C) demonstrates effective carbohydrate counting in our group and implies that our subjects adjust their meal insulin appropriately to variations in meal size. Although FIT encourages flexible meal sizes, some patients can find a rigid diet easier to follow and thus restrict their diet due to fear of carbohydrate-miscalculation. 15 The present data should reassure patients trained in FIT that they can vary their day-to-day and meal-to-meal carbohydrate intake without a detrimental effect on blood glucose. In our study, HbA1C showed a negative association with meal frequency, and more frequent meals had lower carbohydrate content than less frequent meals. However, overall daily carbohydrate intake correlated positively with meal frequency, indicating that those eating smaller meals were eating more carbohydrate overall per day. Although there are data to support low-carbohydrate diets, our data suggest that glycemic control can be maintained without carbohydrate restriction.
There are several mechanisms by which a smaller and more frequent meal pattern might drive better glycemic control. First, increased meal frequency may simply result in increased CBG frequency, providing opportunity to correct raised glucose with bolus insulin. The type 1 diabetes exchange registry of >20,000 patients found that frequency of self-testing was positively associated with better glycemic control. 16 Second, amongst patients educated in dose-adjustment, dose error is commoner with larger meals, postprandial hyperglycemia being the most common outcome. 17 It may be easier to control the smaller postprandial excursions associated with smaller carbohydrate intake; minimizing the size of inputs (carbohydrate and insulin) naturally reduces variability in output (postprandial glucose). Third, larger carbohydrate meals may be likely to contain more fat and defining meals just by carbohydrate takes away from the impact of fat and protein. 18 High fat meals can slow gastric emptying, leading to late blood glucose elevations 5-14 hours after the meal 19 and can increase free fatty acid levels, 20 which impair insulin sensitivity leading to raised glucose. In patients with type 1 diabetes, higher fat meals required more insulin and caused more hyperglycemia than otherwise identical meals with lower fat. 21 Recent data from Kordonouri et al shows that in young people with type 1 diabetes, consideration of fat and protein as well as carbohydrate in calculation of prandial insulin requirements resulted in significantly lower postprandial glucose than carbohydrate-counting alone. 22 In reality, most patients do not adjust insulin for fat and protein and algorithms to do this are yet to be adequately tested. Last, large meals may also have a detrimental effect on the postprandial control of subsequent meals. In subjects with type 1 diabetes, an antecedent large lunch resulted in a larger area under the curve for postdinner glucose compared with a small lunch, despite almost identical predinner blood glucose. 23 In our study we only included meals with premeal glucose in range, to exclude the effects of possible unrecorded hypoglycemia treatment or a correction component to the bolus, and to attempt to isolate the effect of meal size on postprandial glucose. We found no significant association between carbohydrate intake and early ΔBG (1-3 hours postmeal), with over 60% of postmeal readings falling <10 mmol/l, suggesting that appropriate bolus dosing can cover most of the variation in the early postmeal glucose response. These findings echo those of a study which randomized 9 highly motivated FIT-users with type 1 diabetes to low-carbohydrate and high-carbohydrate diets in a crossover design. 24 Patients maintained good postprandial glucose profiles with both diets and the ΔBG (preprandial to 1 hour postprandial) was not affected by meal carbohydrate content (range 21-188 g). In our study, there was however a weak but significant association between carbohydrate intake and late ΔBG. By 4-7 hours, bolus insulin should have finished acting and the correlation with last glucose concentrations may relate to inadequate bolus dosing (which should also have affected the early response), a more prolonged absorption of carbohydrate from a larger meal (perhaps related to fat content), or inadequate basal insulin replacement. We cannot exclude from the present data the consumption of an extra snack, or a late postmeal hypoglycemic episode which had been treated.
DAFNE education, adopted in our centre, does not advocate routine postprandial testing and so the postprandial readings we have available to analyze in this study are not systematic readings, but those done for a variety of reasons by the patients. We categorized postprandial readings into early (1-3 hours) and late (4-7 hours) and have a relatively even split between them (57% early and 43% late). It is certainly possible that there may be bias in the tests performed early postmeal, where the patient was concerned about high or low readings, but we do not think there was a systematic bias in any direction. The late readings are most often readings done prior to the next bolus, or possibly before driving, activity or bed.
High postprandial glucose was most strongly associated with high preprandial glucose. This may reflect inadequate correction factors and/or inadequate basal insulin replacement. Meals with high preprandial glucose also had the largest carbohydrate content. The relationship may be that both are markers of poor control, associated with less effective self-management skills. However, postprandial glucose readings were within 4-10 mmol/L over 60% of the time when preprandial glucose was low or within target, suggesting that in our cohort, patients were actually quite good at carbohydrate estimation.
It is important to recognize that the present data were obtained from those trained in FIT, using CSII, engaged with their diabetes management (performing 5.5 CBG/day) and with reasonably good glycemic control (mean HbA1C 7.84%). They were supported by a multidisciplinary team with a special interest in type 1 diabetes, pump therapy and patient education. Mean daily carbohydrate intake in this study was 165.9 g, although there was a wide range from 26-391 g per day. This may demonstrate severe under-counting of carbohydrate or very low carbohydrate diets in a proportion of people. The Institute of Medicine recommend a minimum of 130 g carbohydrate per day and that it should account for 45-56% of total energy intake. 25 Median intake is 180-230 g and 220-330 g in women and men, respectively. It makes sense for those with type 1 diabetes to follow this advice to avoid too much or too little fat/protein. Indeed, a cross-sectional study of carbohydrate-counting in adults with type 1 diabetes using either multiple daily injections or CSII found a mean daily carbohydrate intake of 275.6 g of carbohydrate. 11 Therefore, intake of 165.9 g/day amongst our cohort may be considered relatively low. It is likely that those with daily carbohydrate <60 g were under-estimating their intake and we cannot account for any carbohydrate taken as hypoglycemia treatment, which is unlikely to be recorded.
We were able to include only a third of our pump patients, as only these had the comprehensive data we required. We excluded those with infrequent CBG tests, or insufficient bolus wizard usage to ensure that we had enough useable data from each patient, and to reduce patient-related variability. Patients are advised to used advanced bolus options for high fat meals, but in our cohort this was infrequently used, and given that protocols for the split of dual wave boluses and duration of the square component of the bolus are unclear and variably applied, we decided to exclude these meals from the analysis. Although our data are only representative of a specific cohort, we believe that it is sufficiently diverse, with a wide range of carbohydrate intake, glycemic control, insulin doses and insulin sensitivity. Limitations include using patient estimation of carbohydrate values. In all, 64% of Finnish patients with type 1 diabetes were found to estimate their prandial insulin requirements inaccurately, despite having had dose adjustment education, 17 with hyperglycemia being the most common outcome. We didn't have information for other factors that can affect glucose absorption such as glycemic index, fiber, protein, and fat. Antecedent calorie intake was not accounted for. It is also possible that subjects who recorded fewer meal boluses were taking snacks without entering carbohydrate information into their pumps and without bolusing for them. This may result in poorer glycemic control and falsely low total daily carbohydrate and carbohydrate intake frequency and may contribute to the seemingly counter-intuitive negative association between daily carbohydrate intake and HbA1C.
Despite these limitations, we feel our data provide a couple of important insights. First, they add to the data that small frequent meals may be better than larger infrequent meals, dispelling the still-held myth that people with diabetes need to eat at fixed times and challenging the suggestion that lower total carbohydrate intake is required for glycemic control. They show meal content and size can be altered without detriment to glucose control, and that starting with a premeal glucose in target seems to help maintain glucose within target at the time most patients are asked to test. However, large carbohydrate meals seem to have a late impact on blood glucose despite the early measurement being within range.
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